Lysophosphoglyceride accumulation in ischemic myocardium has been implicated as a cause of arrhythmias. We examined the effects of lysophosphatidylcholine (LPC) 
Introduction
Ventricular arrhythmias remain the leading cause of death from coronary artery disease. Accumulation of metabolites during conditions oflow coronary flow may play an important role in producing the electrophysiological alterations that lead to the development of lethal ischemic arrhythmias (3) . The alterations in lipid metabolism and increased phospholipid July 1991. breakdown that occur during ischemia (4) (5) (6) have focused attention on various lipid metabolites as possible mediators of ventricular dysfunction (for reviews see references 7-10). Lysophosphoglycerides, breakdown products of membrane phospholipids, have in particular been singled out for their arrhythmogenic properties. A considerable number of studies have examined the production, accumulation, and electrophysiological effects of these amphiphiles on the myocardium (for reviews see references [9] [10] [11] [12] . In intact ventricular muscle and Purkinje fibers, electrophysiological effects of lysophosphoglycerides include decreases in diastolic resting potential, action potential amplitude and duration, and the appearance of abnormal automaticity, delayed afterdepolarizations, and triggered activity (13) (14) (15) (16) (17) (18) . Similar effects have been described in single ventricular myocytes (19, 20) . Many of these effects are suggestive of intracellular Ca2+ overload, and Sedlis et al. (21, 22) showed that lysophosphoglycerides induced an increase in total intracellular Ca2" measured with 45Ca2+. Direct electrophysiological effects of lysophosphoglycerides have also been described. In voltage-clamped cat papillary muscles, Clarkson and Ten Eick (14) attributed the decrease in resting potential to a decrease in the background K+ current and the decrease in action potential amplitude to a decrease in the slow inward Ca2+ current. They also found an increase in twitch tension which they could not account for. In single guinea pig ventricular myocytes studied with the patch clamp technique, Kiyosue et al. (19, 20) demonstrated a decrease in both the macroscopic and unitary currents through inward rectifier K+ channels, although there was no change in the L-type Ca2+ current. In isolated membrane patches from guinea pig ventricular myocytes the lysophosphoglyceride lysophosphatidylcholine (LPC)' altered Na+ channel inactivation (23) and suppressed ATP-sensitive K+ channels (24) .
In this study, we have investigated further the effects ofLPC in single guinea pig ventricular cells using the whole-cell configuration of the patch clamp technique and intracellular Ca2+ indicators in order to further elucidate the mechanisms underlying lysophosphoglyceride-induced electrophysiologic de- rangements. The results suggest that LPC at a concentration of 20 yM acts primarily as a detergent, inducing a nonselective leak current causing membrane depolarization. This leak current appeared to be the cause rather than the result ofintracellular Ca2+ overload. No primary effects of LPC on the individual membrane currents and processes regulating intracellular Ca2' homeostasis which we investigated were detected.
Methods
Cell isolation and patch clamp methods. Single ventricular myocytes were prepared from adult guinea pigs weighing 250-300 g using the method of Mitra and Morad (25) . Whole-cell currents were recorded using the gigaseal patch clamp technique (26) with fire-polished patch electrodes pulled from no. 8161 glass (Coming Glass Inc., Coming, NY) and mounted to the headstage of either a model EPC-7 (List Biological Laboratories Inc., Campbell, CA) or Axopatch model IC (Axon Instruments, Inc., Burlingame, CA) patch-clamp amplifier. Patch electrode tip resistances ranged from 0.5 to 2.0 MO. Current and voltage step commands were given to the amplifier via an 80286-based microcomputer using an Axolab 1100 data acquisition and analysis system with PCLAMP software (Axon Instruments, Inc.). Capacitance compensation and series resistance compensation were both employed. In some experiments, myocytes were field-stimulated by passing 5-ms 5-10-V square voltage pulses between a pair of platinum electrodes immersed in the experimental chamber, using a stimulator (Grass Instrument Co., Quincy, MA). Data were recorded directly to hard disc by the computer and displayed simultaneously on a storage oscilloscope and chart recorder. In some experiments, data and the video image of the cell were also recorded on a modified videocasette recorder (model 420, A.R. Vetter Co., Rebersburg, PA). Cells were placed in a 0.5-ml chamber mounted on the stage of a Nikon Diaphot inverted microscope (A. G. Heinze & Co., Irvine, CA) and continuously perfused throughout the experiment at 1-4 ml/min. Most experiments were performed at room temperature (20-250C) . In experiments performed at 350C (± 1 C), a water-jacketing system was used to preheat the solutions entering the bath, and the chamber was warmed from below through a heated aluminum plate. In most experiments, the standard bath solution consisted of (in millimolar): 136 NaC1, 5.4 KC1, 0.33 NaH2PO4, 1 MgCl2, 1.8 CaCl2, 10 glucose, and 10 Hepes, pH adjusted to 7.4 with NaOH. L-a-Lysophosphatidylcholine palmitoyl (LPC; 5, 20, or 40 MAM) and saponin (0.005% wt/wt) were obtained from Sigma Chemical Co., St. Louis, MO, and were dissolved directly in the bath solution. The standard patch electrode filling solution contained (in millimolar): 150 KCl + KOH, 10 NaCl, 14 (28) . A collimated light beam from a 100-W mercury arc lamp was passed through a computercontrolled electronic shutter and focused onto a 19-mm scanning mirror driven by an oscillator which deflected the beam alternately at 1,100 Hz through either a 335-or 405-nm interference filter (20-nm bandwidths) and into the epifluorescence port of the inverted microscope. A long-pass dichroic mirror centered at 430 nm deflected the beam into a Nikon CF Fluor 40x oil objective which focused the excitation light onto the cell. Light returning through the objective and dichroic mirror (wavelength > 430 nm) passed through a 640-nm short-pass dichroic mirror and was collected by a photomultiplier tube. A pinhole in front of the photomultiplier tube restricted fluorescent light to a 20-Mm2 spot on the myocyte. The signals corresponding to each excitation wavelength were demultiplexed using an amplifier which integrated and sample-held the output of the photomultiplier tube during the time the excitation beam was directed through each filter. The position of the beam was detected by photocells placed just below each filter. The 640-nm dichroic mirror was used to reflect 670-nm light originating from a light-emitting diode, which illuminated the field of view, into a charge-coupled device (CCD) video camera. The CCD camera transmitted the image of the cell to the cell motion detector and a television screen. Fluorescence signals corresponding to the two excitation wavelengths (F333 and F40j), cell length, membrane current, and voltage controlled by the patch clamp amplifier were digitized and stored on computer. From the ratio of the fluorescence signals obtained at these wavelengths, the free cytosolic Ca2" concentration was calculated using the method ofGrynkiewicz et al. (29) , according to the equation: In nine field-stimulated myocytes which were not loaded with Indo-1 -AM to avoid any perturbation ofthe normal cytosolic environment, cell shortening was monitored during expo- ttM LPC on the action potential of three representative guinea pig ventricular myocytes, dialyzed with standard internal solution containing 14 mM EGTA (estimated free [Ca ] 10 nM). In the myocytes studied at room temperature (top and middle panels), LPC often initially caused gradual depolarization of resting membrane potential by 3-5 mV, which was associated with shortening ofthe action potential duration (left panels). After an average of 7.5±0.8 min (n = 4), all of the cells then rapidly and usually abruptly depolarized with concomitant appearance of spontaneous automaticity, leading to complete membrane depolarization and cell death within several minutes (middle and right panels). Because of the high degree ofcytosolic Ca2 buffering by EGTA, none ofthese electrophysiological derangements were associated with active contractions, but eventually the cells shortened irreversibly in response to severe depolarization. Once the rapid phase of membrane depolarization occurred the effects of LPC were irreversible. Qualitatively similar results were obtained in four myocytes exposed to 20 AtM LPC at 350C, as illustrated in the lower panels of Fig. 3 .
To rule out the possibility that the abrupt depolarization seen in the above experiments was due to the patch electrode seal becoming leaky, we directly measured the seal resistance of cell-attached patches on myocytes during exposure to LPC, using the same size patch electrodes and internal solution. Ini- Fig. 4 (upper traces) shows membrane currents elicited during 400-ms voltage clamp pulses from a holding potential of -40 mV to membrane potentials from -100 to +50 mV (in 10-mV steps) before and after exposure to 20 AM LPC at room temperature. In the graph below, the current-voltage (I-V) relations at 400 ms are summarized from the averaged data in four cells. The control I-V relation showed the typical N-shaped pattern, and did not change significantly for the first 10 min ofsuperfusion with LPC. After a mean of 13.7 minutes, however, a large time-independent current developed with a reversal potential near 0 mV (see traces). The time-dependent inward current also disappeared, probably due to accelerated rundown of the Ca2+ current.
Fig. 5 illustrates that the early mild depolarization preceding abrupt membrane depolarization was due to activation ofa similar current. In this myocyte, resting potential gradually depolarized by 10 mV during exposure to 20 MM LPC for 11 min. This was caused by an inward shift in the I-Vrelations (0, upper graph) due to the appearance of a time-independent current with a reversal near 0 mV as shown in the difference current (0, lowergraph). After 13 min the myocyte completely depolarized owing to an abrupt increase in the magnitude of the inward current (A), which aside from its larger amplitude had the same characteristics as the earlier current (i.e., time-independent with reversal potential near 0 mV). The inwardly rectifying K+ current did not appear to decrease during membrane depolarization.
At 350C, 7 out of 14 myocytes exposed to 20AM LPC (Fig.   6 , upper graph) showed similar changes in the I-V relations as the myocytes studied at room temperature, although the time to onset of the large inward current was shorter, averaging 2.9±0.6 min. In the other seven myocytes, however, LPC caused a large time-independent K+ current to appear (middle graph). In two ofthese myocytes a later series of voltage clamps (not repeated in the other myocytes) showed that the K+ current was replaced by the typical large nonselective current. The K+ current was time-independent and did not show much inward or outward rectification, possibly suggesting activation ofATP-sensitive K+ channels. Before the development ofthese currents, the peak inward current was mildly depressed compatible with typical rundown of the L-type Ca2+ current (lower graph).
The reversal potential near 0 mV of the large current induced by LPC is consistent with either a nonselective current tial configuration were also altered by LPC. Unfortunately, the nonselective current, once activated to a major degree, obscured the other membrane currents. However, we were able to assess the effects of LPC on specific membrane currents up until this point.
The inward rectifier K+ current (IKI), the major determinant of resting membrane potential in heart muscle, has previously been reported to be depressed byXLPC (14, 19, 20) . Fig. 9 summarizes the effects of the 20 1AM LPC on IKI up until the time that the large nonselective current was activated (after a mean of7.8 min) in a total of 14 myocytes. IKI was elicited with 100-ms voltage clamps to potentials ranging from -120 to -50 mV from a holding potential of-40 mV. During superfusion with LPC, there was no significant change in the reversal potential. At potentials negative to -80 mV, the magnitude ofIKI appeared to increase although the difference was not statistically significant.
The delayed rectifier K+ current (IK) is a major determinant ofaction potential duration in ventricular muscle. Fig. 10 summarizes the effects of the 20 ,M LPC on IK before activation of the large nonselective current (after a mean of 14 min) in a total ofthree myocytes. In these experiments activation of IK was estimated from the increase in outward current between 525 and 1,000 ms during a 1,000-ms voltage clamp pulse from a holding potential of-40 mV to test potentials between -30 and +50 mV. Although the Ca2`current was not specifically blocked, time-dependent changes in the Ca2+ current had ceased by 525 ms (e.g., see Fig. 11 ). The outward current shift from 525 to 1,000 ms was therefore attributable primarily to activation of IK, which had not yet reached steady-state activation by 1,000 ms. IK activated at potentials> -30 mV, increasing to a mean value of 83±25 pA after 1,000 ms at +50 mV. LPC did not alter the magnitude (at 1,000 ms) or time course (not shown) of activation of IK before the development of the nonselective current. ,gM LPC for 5.5 min (Fig. 12 B) clamp pulse in Fig. 12 B) , when a modest increase in the holding current at -40 mV had developed, the caffeine-induced with a detergent effect, we investigated whether a nonspecific solid symbols) and membrane detergent, saponin, had similar effects on cardiac n of 7 min before function. Fig. 14 illustrates the effects of 0.005% saponin on scured reliable mea- duced abrupt depolarization and spontaneous automaticity (Fig. 15) . The I-V curve averaged from seven cells showed the appearance of a large time-independent current reversing at near 0 mV, similar to the effect of LPC.
Discussion
Biological effects of lysophospholipids. Lysophospholipids are amphiphilic molecules formed from the breakdown of membrane phospholipids by phospholipase A2. Unlike other phospholipids, lysophospholipids do not spontaneously form bilayers and are more soluble. By inserting into the membrane as free monomers and altering the lipid environment, lysophosphoglycerides may have specific effects on integral membrane proteins such as ion channels or transporters. At higher concentrations, lysophosphoglycerides are more likely to form micelles, causing nonselective membrane leakiness and eventually disrupting biological membranes via a nonspecific detergent action (11, 39) . Which of these effects predominates, however, depends critically on concentration, temperature, and other experimental factors. Previous studies in cardiac muscle have found that LPC concentrations of 10-75 gM are sufficient to produce electrophysiological derangements in multicellular (13) (14) (15) (16) (17) (18) and isolated myocyte preparations (19, 20) studied at room temperature or 37°C. These concentrations are comparable to the reported critical micelle concentration, which may range from 7 to 80 ,M (40, 41) . In this study, in which the detergent effects ofLPC appeared to predominate, the effects of LPC on membrane potential and currents at room temperature were qualitatively similar for 5, 20, and 40 gM, the only difference being a shorter average time to onset of depolarization with increasing concentrations. This is consistent with the idea that under our experimental conditions, cellular membranes progressively accumulated LPC until a critical threshold was reached at which the detergent effect induced the observed electrophysiological abnormalities. However, we cannot exclude the possibility that had lower LPC concentrations been investigated in detail, more specific effects of LPC might have been observed. It is also possible that the cell isolation procedure modulates the membrane properties of the myocytes in some manner that makes them more susceptible to the nonspecific detergent actions of LPC.
Temperature may also be an important factor influencing whether lysophosphoglycerides cause specific or nonspecific effects. For example, low temperature has been reported to potentiate the ability of LPC to lyse erythrocyte membrane (39) and to increase permeability of bilayer vesicles to large ions (42), probably because membranes are less "elastic" and are therefore unable to incorporate as much LPC before becoming leaky, or because LPC is distributed less homogeneously in the membrane. On the other hand, lower temperature may decrease the critical micellar concentration ofLPC (43) , and slow the kinetics of membrane lysis (39) . The cytolytic effects of LPC and its temperature dependence are also likely to be highly species and organ dependent (39) , possibly reflecting differing lipid compositions ofthe cell membranes. In the present study, however, we saw no major qualitative differences among effects of 20 (Fig. 8) brane currents, or [Ca2+]i transients at 350C and at room temperature, although we did not study myocytes at 35°C as extensively. However, at 35°C the average time to onset of membrane depolarization was shorter and in 50% of myocytes LPC activated a K+ current before activating the large nonselective current. We were unable to identify conclusively the nature of this K+ current since it tended to be obscured by the progressive increase in the large nonselective current. However, we speculate from its characteristic time independence and lack of strong inward or outward rectification that it was the ATP-sensitive K+ current. At 35°C, myocytes may be less able to tolerate the metabolic stress ofthe initial LPC-induced leak current. It is unlikely that LPC directly activated ATP-sensitive K+ channels, since LPC has been shown to inhibit these channels in excised membrane patches (24) . We cannot exclude the possibility that the K+ current was due to another type ofK+ channel, such as arachidonic acid-or Na+-activated K+ channels (44, 45) .
LPCand intracellular [Ca2`]. Consistent with previous findings showing that LPC increased 45Ca2`uptake in isolated myocytes (21, 22) , we found that in externally paced unimpaled myocytes, LPC caused a progressive rise in free cytosolic [Ca2"] which, after a transient positive inotropic effect, led to spontaneous beating, irreversible contracture and cell death. In patch-clamped myocytes, LPC activated a large inward current which depolarized the resting membrane potential and was associated with the development of automaticity and other arrhythmogenic electrophysiological abnormalities qualitatively similar to those reported previously in isolated myocytes (19, 20) and multicellular preparations (13) (14) (15) (16) (17) (18) . It has been sug- Vm (mV) normal during the early phases ofactivation ofthe depolarizing current, and did not increase until after the current became quite large (Fig. 13) (19, 20) and in multicellular preparations (13) (14) (15) (16) (17) (18) (14) , who studied the effects of LPC in superfused cat papillary muscles under voltage-clamp conditions, reported that LPC depressed the slow inward current and time-dependent and time-independent K+ currents, and postulated that LPC may act as a nonspecific depressant of all membrane currents. They also found that LPC caused an increase in membrane resistance near the resting potential, which they argued was evidence against an LPCinduced increase in nonspecific membrane leakiness. This is a valid argument if the effects of LPC occurred homogeneously and simultaneously in all the myocytes in their preparation. However, if LPC acted inhomogeneously, the decreased magnitude ofvarious membrane currents and increased membrane resistance may have been due to progressive reduction in the number ofviable myocytes contributing to their electrical measurements as the irreversibly injured myocytes dropped out. Preserved electronic interactions with a population of less severely injured myocytes may still have been sufficient to account for the observed membrane depolarization until their electrotonic influence was also severed.
The ability of uninjured cells to prevent injured leaky cells from rapidly depolarizing might also account for the partial reversibility ofthe effects of LPC in multicellular preparations. In the example shown in Fig. 12 C, an LPC-treated myocyte developed elevated diastolic Ca2+ when the membrane potential was held at -40 mV, but diastolic Ca2+ returned to normal when the myocyte was repolarized to -80 mV, presumably because of the more favorable electrochemical gradient for Ca2+ efflux via Na+-Ca2+ exchange (38) . We hypothesize that in multicellular preparations with inhomogeneous injury, uninjured cells may protect the affected myocytes from sudden depolarization and rapid irreversible injury long enough for them to recover when LPC is washed out. In contrast isolated myocytes tend to deteriorate very rapidly once significant membrane leakiness develops. This is consistent with our observation that the effects of the nonspecific detergent saponin, like LPC, were irreversible in single myocytes, whereas in intact ferret papillary muscles the effects of saponin were reversible (50) . However, in sheep Purkinje fibers saponin-induced membrane depolarization was also associated with an increase in intracellular Na+ activity and a decrease in K+ activity (50), whereas LPC has been shown to cause membrane depolarization in the absence of changes in intracellular K+ activity (14) . Thus we cannot exclude the possibility that LPC had specific effects on membrane currents in the multicellular heart unrelated to its detergent action.
It is more difficult to reconcile our findings with those of Kiyosue et al. (19, 20) , who found that LPC depressed IKI at both the macroscopic and single-channel level in isolated patch-clamped guinea pig ventricular myocytes, and proposed this to be the major cause of membrane depolarization. However, these authors also found that LPC activated an additional current with a reversal potential near 0 mV, similar to our findings. Although we did not see any effect of LPC on IKI before activation of the latter current (Fig. 7) (8) (9) (10) (11) (12) (52) (53) (54) (55) . In addition to the issue of accurate quantitation of membrane lysophosphoglyceride content (11, 52) , several factors may act synergistically with lysophosphoglycerides to enhance cardiac injury, such as acidosis (9) and oxygen-derived free radicals (56) ; conversely binding to albumin may increase the threshold of LPC required to cause injury. There may also be important intrinsic differences between the effects of exogenously applied lysophosphoglycerides and lysophosphoglyceride toxicity during ischemia. In the former case, lysophosphoglycerides are incorporated into normal cellular membranes. During ischemia, however, the lysophospholipids accumulate in cellular membranes whose phospholipid content has been altered, since the membrane phospholipids are the source of lysophospholipids generated via the action of phospholipase A2 ( 1 
